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Introduction

24
Water scarcity exacerbated by population growth, industrialization, and increasingly 25 irregular weather patterns presents a major challenge to the sustainable development of 26 mankind [1] . Extraction of clean water from unconventional sources, such as municipal 27 wastewater, is arguably feasible from both technical and economic points of view [1] [2] . 28
These unconventional water sources require extensive treatment for the protection of public 29 health. For example, trace organic contaminants (TrOCs) are ubiquitous in secondary treated 30 effluent and sewage-impacted water bodies; ranging from a few nanograms per litre (ng/L) to 31 several micrograms per litre (µg/L) [3] [4] [5] . Uncontrolled release of these TrOCs presents a 32 threat to the aquatic environment, with effects such as acute and chronic toxicity to aquatic 33 organisms, accumulation in the ecosystem and loss of habitats and biodiversity, as well as a 34 range of possible adverse effects on human health. Numerous studies have been conducted to 35 enhance the removal capacity of current treatment processes or develop new technologies for 36 better removal of these TrOCs from domestic wastewater and other impaired water resources 37 [2] . 38
Forward osmosis (FO), a membrane-based separation technology, has received renewed 39 attention in recent years [6] [7] . In lieu of hydraulic pressure, FO utilizes a highly concentrated 40 draw solution to induce the driving force for separation. The transport of water molecules is 41 osmotically driven and contaminants in the feed solution can be rejected by the active layer 42 of the FO membrane. When the draw solute can add value to the extracted water, the diluted 43 draw solution can be directly consumed without any further treatment and FO can be applied 44 as a stand alone process [8] . FO can also be applied in conjunction with a draw solution 45 recovery process, such as reverse osmosis and thermal separation (e.g. conventional column 46 distillation [9-10] and membrane distillation (MD) [11] [12] ). 47
Temperature is an important factor governing mass transfer in membrane separation 48 processes, including the FO process. In several practical applications of FO, there can be 49 significant temporal and spatial variation in the temperature of feed solutions, such as 50 secondary treated effluent or seawater. Similarly, draw solutions can be at higher 51 temperatures than the feed solution as a result of thermal separation and recycling of the draw 52 solution or using higher temperatures to increase the solubility of the draw solute. Such 53 temperature variations could substantially impact the rejection of TrOCs by the FO process, 54 as also observed in the NF and RO processes [13] [14] . 55 Several studies have examined the effect of temperature on the permeation of water 16] and inorganic salts [17] in the FO process. Generally, it was observed that water and salt 57 permeabilities increased with increasing temperature in the FO process [16] [17] [18] [19] [20] . Recent 58 studies have also focused on the impact of the temperature difference between the feed and 59 draw solutions on water and draw solute permeation across FO membranes. Phuntsho et al. 60 [17] examined the water flux behaviour with feed and draw solutions of different temperature 61 and found that water flux increased significantly by increasing draw solution temperature. 62
You et al. [15] proposed that the heat flux generated by the temperature difference between 63 the feed and draw solutions could enhance the water flux due to the decrease in feed solution 64 viscosity and the increase in water diffusivity. However, no studies to date have investigated 65 the effect of temperature and temperature difference between feed and draw solutions on the 66 rejection of contaminants in the feed solution, which is a critical aspect to the deployment of 67 the FO process in wastewater reclamation. Elucidating the impact of temperature on the FO 68 process can be useful for the management of thermal draw solution recovery processes, such 69 as column distillation and MD, and optimization of FO performance with regard to solute 70 rejection and water flux. 71
In this study, an asymmetric cellulose-based FO membrane and a thin-film composite 72 polyamide FO membrane were used to investigate the rejection of 12 TrOCs under four feed 73 and draw solution temperature combinations. Membrane intrinsic properties, namely pure 74 water and salt (NaCl) permeability coefficients and membrane structural parameter, were 75 determined to better elucidate the impact of temperature on water and reverse salt (NaCl) 76 fluxes and TrOC rejection. Figure S1 ). The 90 membrane cell was made of acrylic plastic and had channel dimensions of 13 cm long, 9.5 91 cm wide, and 0.2 cm deep. The total effective membrane area was 123.5 cm 2 . Two variable 92 speed gear pumps (Micropump, Vancouver, WA) were used to circulate the feed and draw 93 solutions. Flow rates of the feed and draw solutions were monitored using rotameters and 94 kept constant at 1 L/min (corresponding to a cross flow velocity of 9 cm/s). 
where k f is the mass transfer coefficient for the crossflow channel of the RO membrane cell. 131
The mass transfer coefficient (k f ) was experimentally determined using a protocol 132 described in our previous publication [23] . Using the permeate and feed salt concentrations 133 
The membrane structural parameter of support layer S was evaluated in the bench-140 scale cross-flow FO system described in section 2.2. The water flux, where n is number of dissolved species created by the draw solute (2 for NaCl), T is the draw 155 solution temperature, and R is the ideal gas constant. 156
Model trace organic contaminants
157
A total of 12 TrOCs, including nine pharmaceuticals and personal care products, and 158 three pesticides, were selected for this investigation (Table 1) . These TrOCs are frequently 159 detected in secondary treated effluent and sewage-impacted water bodies at trace levels. They 160 were also selected to represent a diverse range of physicochemical properties (e.g., charge, 161 hydrophobicity, and molecular weight). The model TrOCs are small molecular weight 162 compounds (less than 362 g/mol) with effective hydrophobicity measured by distribution 163 coefficient (log D) at neutral pH in the range from -0.96 to 5.28. The TrOCs were purchased 164 as analytical grade standards. A combined stock solution containing 1 g/L of each compound 165 was prepared in pure methanol. The stock solution was kept at −18 °C in the dark and was 166 used within one month. 167 Table S1 . The mobile phase flow 217 rate was 0.5 mL/min and the sample injection volume was 10 µL. The analytes from the 218 HPLC system were fed directly into a quadrupole mass spectrometer via an ESI source. ESI 219 positive ionization [M+H] + mode was adopted for caffeine, primidone, trimethoprim, 220 sulfamethoxazole, carbamazepine, bezafibrate, atrazine, linuron and amitriptyline while ESInegative ionization [M-H] -mode was used for pentachlorophenol, diclofenac and triclosan. 222
All mass spectra were acquired in selective ion monitoring mode with the detector voltage of 223 0.9 kV, desolvation line temperature of 250 °C, and heating block temperature of 200 °C. 224
High purity nitrogen was used as both the nebulizing and drying gas at a flowrate of 1.5 and 225 10 L/min, respectively. Standard solutions of the analytes were prepared at 1, 10, 50, 100, 226 500 and 1000 ng/mL, and an internal instrument calibration was carried out with 227 carbamazepine-d 10 as the internal standard. The calibration curves for all the analytes had a 228 correlation coefficient of 0.99 or higher. 229 230 
Results and discussion
Membrane properties
231
The A and B values (i.e. pure water and salt (NaCl) permeability coefficients) of both 232 the CTA and TFC membranes increased with an increase in feed solution temperature (Table  233 2). Results reported here are consistent with a previous study conducted by Wong At the same time, the diffusion coefficients of neutral TrOCs increase significantly (Table 1) 
